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SUMMARY 


The low-speed aerodynamic characteristics of a large-scale fan-in-wing 
v/STOL transport model were investigated. The model had six fans mounted in 
the wing and two lift-cruise engines mounted forward of the wing in the fuse- 
lage. The high mounted wing had an aspect ratio of 3*^-3; taper ratio of 0.^7, 
and a sweephack at the quarter chord line of 20°. Combinations of two, four, 
and six fans were investigated as well as the chordwise position of the fans 
in the wing to determine the interference effects of the fan flow field on 
the airframe flow field. The effects of operating two lift cruise engines 
forward of the wing in conjunction with the six lift fans were also studied. 
The complete configuration with six fans operating and with the fans and 
lift-cruise engines operating had generally acceptable aerodynamic 
characteristics . 


IHTRODUCTIOH 


Ames Research Center is conducting studies of v/STOL transport 
configurations with lift fans, cruise fans, or combinations of lift fans and 
cruise fans . Low-speed aerodynamic characteristics are being investigated 
with large-scale models tested in the ^0- by 80-foot wind tunnel. Reference 1 
presented results for configurations having lift fans mounted ahead of the 
wing, rotating cruise fans, and tandem mounted lift fans faired into the wing. 
This paper presents results obtained from a model with six lift fans in the 
wing. Fan performance and longitudinal aerodynamic characteristics of the 
model are shown for various configurations with two, four, and six fans in 
operation. Results are also presented for the fans located at two different 
chordwise positions in the wing. Longitudinal aerodynamic characteristics 
are presented for simulated lift-cruise engines operating in conjunction with 
the six lift fans. Limited lateral-directional characteristics are presented 
for the fan only configuration and also for the lift-cruise engine and fan 
combination. 
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wing aspect ratio 
fan disk area, sq ft 
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wing chord parallel to plane of symmetry, ft 


mean aerodynamic chord. 



drag coefficient, — — 
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rolling -moment coefficient, 
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lift coefficient, 
pitching-moment coefficient 
yawing-moment coefficient, ' 
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side-force coefficient. 


x_ 

qS 


drag, lb 

diameter of the fan, ft 
horizontal-tail incidence angle, deg 
rolling moment , f t-lb 
total lift on model, lb 
pitching moment, ft -lb 
yawing moment, ft-lb 

standard atmospheric pressure, 21l6 Ib/sq ft or 29.92 in. Hg 
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test section static pressure, lb/sq ft 
engine exit total pressure, in. Hg 

free-stream dynamic pressure, lb/ sq ft 
Reynolds number or fan radius 
corrected fan rotational speed 
projected wing area, sq ft 

complete ducted fan or lift-cruise engine thrust in the lift direction 
with a = 0°, p =0°, and = 0, pAvj 2 , lb 

air velocity, ft/sec 

free-stream air velocity, knots 

side force, lb 

angle of attack of the wing chord plane, deg 
sideslip angle, deg 

fan exit-vane deflection angle from the fan axis , deg 

Ps 

relative static pressure, — 

Po 

trailing-edge flap deflection measured normal to the hinge line, deg 
lift-cruise engine nozzle deflection, 0° in the lift direction 
average downwash angle at the horizontal tail, deg 

tip-speed ratio, -^r 
coR 

density, lb-sec 2 /ft 4 

fan rotational speed, radians/sec 



Subscripts 


j fan exit 

L/C lift-cruise static thrust 

s lift fan static thrust 


MODEL AND APPARATUS 


Model 

Photographs of the model mounted in the test section of the Ames 
40- by 80-Foot Wind Tunnel are shown in figure 1. Figure 2 is a sketch of 
the model with pertinent dimensions. 

Wing .- The wing was mounted above the fuselage, and had an aspect ratio 
of 3 .43, a taper ratio of 0.47, a dihedral of -6°, a sweepback of 20° at the 
quarter chord line, and an NACA 65 A-211 airfoil section. An l8-percent chord 
single-slotted trailing-edge flap extended in two 60-inch and one 56- inch 
spanwise segments from the fuselage junction to the wing tip. Flap 
deflections of 0° and 40° were tested. (See fig. 3.) 

* 

Fuselage .- The fuselage was slab sided with rounded corners. It was 
427.7 inches long with a maximum depth of 88 inches and a maximum width of 
69.6 inches. The inlets for the lift-cruise engines were located in the for- 
ward fuselage, and the inlets for the engines driving the lift fans were 
located above the fuselage in the wing center section (see fig. 2). 

Tail . - The horizontal tail had an aspect ratio of 3*27, taper ratio of 
0.33, and dihedral of 22.5°. The horizontal tail was pivoted about the 
57-pencent chord line. Tail incidence was varied from -I5 0 to +20°. 

Aspect ratio of the vertical tail was I.17, and the taper ratio 0.46. 
Only the horizontal tail was removed during tail-off testing. 


Propulsion System 

Four YJ85-5 turbojet engines, two simulating lift-cruise engines, and 
two for driving the six X-37& lift fans in the wing, were installed in the 
fuselage of the model. 

Lift-cruise engines .- Two YJ85-5 engines were mounted in the forward 
fuselage and exhausted through nozzles on each side of the fuselage. The 
nozzles were approximately 12. 5 inches in diameter and could be vectored from 
15° forward of vertical to 90° aft (horizontal). When the model was tested 
with only the lift fans operating, the lift-cruise nozzles were removed from 
the model and a fairing was placed over the engine inlets . 
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Lif t-fan installation .- Six X-376 lift fans were installed in the wing 
of the model. The fans were driven hy the airflow from two YJ 85-5 turbojet 
engines. Each engine exhausted into a plenum chamber. From each plenum cham- 
ber the exhaust gas was ducted to the three fans in each wing panel. (See 
fig. 3*) Valves for setting the desired rpm were located above the plenum 
chamber to divide and control the exhaust flow to each fan. Each plenum cham- 
ber also had a tail pipe to allow excess flow from the gas generator to be 
exhausted overboard. All six fans rotated in a clockwise direction when 
viewed from above the model. 

As shown in figure 2 , the inboard and center fans of each wing panel 
were tested in two chordwise positions in the wing. The outboard fan location 
was not movable. 

The lift fans were completely enclosed within the wing. With the fans 
in the forward posit ion , inlet radii were quite small (as low as 2.5 in.) in 
the inboard and center fan locations. In the aft position the minimum inlet 
radii were 3*5 in. The fans were not equipped with the circular vanes or 
cross vanes used for the studies of reference 2 . During power-off testing, 
covers were placed over the fans and faired to the wing contour. A cascade of 
l4 exit vanes was mounted in the exhaust of each fan. The vanes were used for 
vectoring the fan exhaust and for closing the wing undersurface during power- 
off testing. Each exit vane airfoil had a chord length of 4.06 inches, a 
maximum thickness of 10 -percent chord at 20 -percent chord, and a maximum of 
2.3-percent chord camber of the mean line at 35-percent chord. The exit vanes 
spanned the rotor and the tip turbine sections of the fan and could be 
deflected from - 10 ° to + 50 °. 


TESTING AND PROCEDURE 


Longitudinal force and moment data are presented for angles of attack 
from -4° to +22°. Lateral -directional force and moment data were obtained for 
sideslip angles of -12° to + 8 °. Scale force data were used to measure static 
lift fan performance. Lift-cruis.e engine thrust was measured in the same man- 
ner. The variation in lift fan performance with forward speed was obtained 
from survey rakes mounted beneath the three fans in the right-hand wing panel. 
Fan rpm was varied from 2000 to 3^00. Lift-cruise engine thrust was set to 
balance the pitching moment at hover. Lift-cruise engine nozzle angle was set 
for zero drag at a = 0° at the various forward speeds tested. Airspeed 
varied from 0 to 125 knots corresponding to a maximum Reynolds number of 14.2 
million. 


Tests at Zero Angle of Attack 

At 0 ° angle of attack, fan speed, lift-cruise thrust, and wind-tunnel 
velocity were varied independently. Exit vane angle was varied with combina- 
tions of two, four, and six fans and for two flap deflections with the tail 
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on and off and with the fans in the forward and aft positions . Exit vane 
angle was also varied with the lift-cruise engines running at various nozzle 
deflections . 

Lift-cruise engine thrust was varied at zero angle of attack at several 
nozzle angles and fan exit vane settings . 


Tests With Variable Angle of Attack 

When angle of attack was varied, model and propulsion variables were 
held constant. Results were obtained for several fan speeds and wind-tunnel 
airspeeds. Model variables were the same as those listed above. 


CORRECTIONS 


Force data obtained without fans or lift-cruise engines operating (power 
off) have been corrected for the effects of wind-tunnel wall interference in 
the following manner: 

a = + O.78OO Cj^ 

% = % + 0.01360 CLu 2 

Cm = C mu + 0.017^0 Cj^ (tail on tests only) 


In addition a correction of -O.OO760 has been applied to all data 

to account for the tares resulting from exposed tips of the wind-t unn el 
struts . 

Reference 3 presents general criteria for selecting the size of v/STOL 
models relative to the size of the test section to minimize wall and scale 
effects. These criteria were developed from comparisons of wind-t unn el and 
flight-test results. The model of this investigation had a VTOL lifting ele- 
ment area ratio and disk loading closely approximating that of the XV-5A air- 
craft which, according to reference 3 , showed good correlation between 
uncorrected wind-tunnel results and flight-test results . Therefore , no wind- 
tunnel wall corrections were applied to the results from the present 
investigation with the fans and lift-cruise engines operating. 


RESULTS 


Lift fan tip speed ratio is used as the independent parameter in the 
presentation of results unless otherwise stated. Figure 4 presents the rela- 
tionship between tip speed ratio and free stream to fan velocity ratio for 
the lift fans . 
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Table I is an index to the figures . The results show lift fan and 
lift -cruise engine characteristics, longitudinal characteristics at zero angle 
of attack, downvash at the horizontal tail, horizontal-tail effectiveness, 
variation of longitudinal characteristics with angle of attack, and lateral- 
directional characteristics in that order. 


Lift Fan and Lift-Cruise Engine Characteristics 

Figure 5 presents the static fan thrust as a function of rpm for the 
fans operating in the forward and aft positions. The variation in fan thrust 
with forward speed is shown in figure 6. Lift-cruise engine static thrust is 
shown in figure 7* 


Aerodynamic Characteristics With Fan 
And Lift-Cruise Engine Operation 

Zero angle of attack .- The variation of lift coefficient with thrust 
coefficient, without fans operating, is shown in figure 8 for several nozzle 
angles. Figures 9 through 11 show the variation of the ratio of lift, drag, 
and pitching moment to static thrust with tip speed ratio for combinations of 
two, four, and six fans operating at two different flap deflections. The two 
and four fan results are for the fans in the aft position, and the six fan 
data are for the fans in both the forward and aft positions. 

Figures 12 through 21 show the variation of lift, drag, and pitching- 
moment coefficient with tip speed ratio for exit vane deflections from -10° 
to +50° without the deflected lift-cruise exit nozzles. Figures 12 through 15 
are for the six fans forward and figures 1 6 through l8 are for six fans aft. 

Two flap deflections are shown with the tail on and off. Data for arrange- 

ments with four fans (inboard and center, inboard and outboard) are presented 
in figures 19 and 20 for the fans aft. Figure 21 shows results for two fans 
aft , the tail off , and two flap deflections . 

Results with both lift fans and lift-cruise engines operating are shown 
in figures 22 and 23. To obtain the results in figure 22, the level of lift- 
cruise thrust was defined by hover balance, and nozzle angle is that required 
to trim drag without the fans operating. From these test conditions, fan tip 
speed ratio and exit louver angle were varied. The data in figure 23 were 

obtained at the same test conditions as that in figure 22, but lift-cruise 

thrust was varied rather than lift-fan parameters . 

The variation in average downwash at the horizontal tail is presented in 
figure 2^. (On this and following figures, the abbreviation L/C is used for 
lift-cruise.) Figures 25 through 27 show the horizontal -tail effectiveness 
Tor six fans only and for six fans operating in conjunction with the 
lift-cruise engines. 

Variable angle of attack .- The variation in longitudinal aerodynamic 
characteristics with angle of attack is shown in figures 28 through 35. 
Power-off data at two flap deflections with the horizontal tail on and off 
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are shown in figure 28. Results with two and four fans aft at two flap 
deflections with the tail off are shown in figures 29 through 31. Figure 29 
is for the two-fan arrangement, figure 30 for four fans (inboard and center) 
and figure 31 for four fans (inboard and outboard). 

Low-speed results for six fans in the forward and aft position, tail on, 
with the flaps deflected 4o°, are plotted in figure 32 as the ratio of forces 
and moments to static thrust. Results are shown in figure 33 for six fans 
forward, the tail on and off, and flaps deflected 4o°. Low tunnel speed (low 
tip speed) data are shown as the ratio of forces and moments to static thrust, 
while the higher speed results are shown in coefficient form. Figure 34 
presents similar results for the fans aft arrangement. 

Longitudinal characteristics with six fans forward and aft in conjunction 
with the lift-cruise engines are shown in figure 35- All results are with the 
flaps deflected 40°. With the fans forward the data are for the tail off 
while with the fans aft the data are for the tail on and off. 

Aerodynamic characteri stics with sideslip.- The variation in lateral- 
directional characteristics with sideslip angle at 0° and 8° angle of attack 
is shown in figures 36 through 39- Power-off results are shown in figure 36 . 
Results with six fans aft are shown in figure 37 with the tail on and flaps 
deflected 40°. Low-speed data are shown as forces and moments. Corresponding 
results are presented in figures 38 and 39 for the six fans operating with the 
lift-cruise engines. 


DISCUSSION 


Fan Performance 

Performance of the lift fans in the forward and aft positions was 
measured statically and with forward speed. Static measurements were obtained 
from the force balance while the variation in fan thrust with forward speed 
was measured with pressure rakes mounted beneath the three fans in the 
right-hand wing. 

At zero forward speed, measured fan thrust was nearly the same for both 
the forward and aft fan positions (fig. 5)- These data compare very favorably 
with the results of reference 4 for which the fans were mounted in folding 
pods on the fuselage. 

The variation of fan thrust with forward speed (see fig. 6 ) showed large 
dependence on chordwise placement of the fans in the wing. For the six-fan 
arrangement, fan thrust decreased continually with increased forward speed 
(tip speed ratio). In the six fans forward arrangement, which had the largest 
decrement in thrust with forward speed, being approximately 0.6 of the static 
value at a tip speed ratio of 0 . 28 , the sharp inlet radius on the inboard fans 
caused flow separation over the inlet and poor fan performance as forward 
speed increased. The inlet radius of the inboard fans in the aft position was 
more generous; even so, the fan performance at forward speed is the poorest 
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measured to date for fan-in-wing installations. If these results are used to 
calculate airplane performance; they should he modified to reflect more repre- 
sentative fan performance such as that with the circular vanes and cross vanes 
of reference 2. 

Outboard fan performance was the same with the inboard and center fans in 
either the forward or aft positions; however; performance of the outboard fan 
was somewhat lower than that of the other two fans in either chordwise 
position. 


Interference Effects 

Effects of chordwise fan location .- Fan thrust; total model lift; and 
power-off lift areshown in figure 40 as a function of free-stream to fan 
velocity ratio for two flap deflections with six fans forward and aft. Com- 
parison of the difference between fan thrust plus power-off lift and total 
measured lift at a velocity ratio of 0.4; with the flaps up and the exit vane 
deflected 0°; shows that the induced effects with the fans forward are approx- 
imately 71 percent of those with fans aft. Similar results are shown with the 
flaps deflected 40° where induced lift with the fans forward is approximately 
6l percent of that with the fans aft. These results agree with those of ref- 
erence 4 which showed large positive induced effects with the fans mounted 
near the wing trailing edge. 

Effect of spanwise fan location .- Induced lift is dependent upon fan area 
to wing area ratio; wing geometry; fan location; and fan distribution (ref. 5)* 
To evaluate the effect of fan distribution with the fans in the aft location; 
the direct effect of area ratio can be removed by comparing the product of the 
ratio of induced lift to static thrust and the fan to wing area ratio. 

Figure 4l shows the variation of this value with flight velocity ratio for 
three fan arrangements . The maximum induced lift is obtained by distributing 
the fans spanwise in the wing. 

From the results in figures 40 and 4l it would appear that to obtain 
maximum induced lift; fans should be distributed spanwise near the wing 
trailing edge . 

Flap effectiveness . - With the flaps deflected 4o°; the difference between 
total lift and power-off lift plus fan thrust is approximately 50 percent of 
that for the flaps up condition for both fans forward and fans aft arrange- 
ments (fig. 40) . This loss is attributed to a loss in flap effectiveness with 
fan operation. The reason for this loss is not fully understood; but as 
stated in reference 5> factors which might contribute to a loss in flap effec- 
tiveness are blockage of the flow below the flap by the fan exhaust and 
pre-turning of the flow above the flap by the fan . 

Lift-cruise engine effects .- References 1; 2; and 4 reported adverse 
effects on lift when the fans operated forward of the wing. The variation in 
lift coefficient with lift-cruise engine thrust coefficient with the lift- 
cruise engines operating ahead of the wing is shown in figure 8. A comparison 
of the measured lift with power off lift plus the product of the lift-cruise 
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engine thrust coefficient and the cosine of the nozzle angle at 30 knots with 
the nozzles deflected 10 ° shows the measured lift of the present model to be 
approximately 93 percent of the power off lift-cruise engine thrust coeffi- 
cient. S imi lar results, different in magnitude, can be computed for other 
forward speeds and nozzle angles tested. Downwash from the engine exhaust 
apparently unloaded the wing causing the loss in lift. 

Pitching -moment variation . - Figure 42 shows the variation of moment, 
normalized by lift and fan diameter, with velocity ratio for the six fans for- 
ward and aft arrangement and two flap deflections . The largest variation in 
moment 'with forward speed occurs with the fans aft. As with induced lift, 
chordwise placement of the fans significantly affects the variation of moment 
with forward speed. The results indicate that high induced lift will cause 
corresponding large moments. 

With the trailing-edge flaps deflected, the nose-down pitching moment 
from the flap produced curves which tended to. level off as forward speed was 
increased; thus the trailing-edge flap reduced the moments required for trim. 


Ames Research Center 

National Aeronautics and Space Administration 

Moffett Field, Calif., 94035, Aug. 17, 19^7 
721 - 03 - 00 - 06 - 00-21 
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(a) 3/4 front view. 
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Figure 1.- Photographs of the model mounted in the Ames 4o- by 80-Foot Wind Tunnel 
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(b) Top view showing fans in aft position. 
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Figure 1 . - Concluded . 
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(a) Six fans forward. 


Figure Zero airspeed performance of the model with fan operation j 
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( c ) Two and four fans aft . 


Figure Concluded. 









O Left engine 
□ Right engine 
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Figure 7.- Zero airspeed performance of the model with the lift-cruise 

engines operating; a = 0° . 




Figure 8.- The variation in lift coefficient with lift-cruise engine 
operation; a = 0°, (3 V = 90° , 5- = k0° , fan inlets covered. 



Figure 9 .- The variation of longitudinal characteristics with tip-speed ratio 
d = o°, B,r = 0°, S.p = 0°, lift-cruise nozzles off, 3600 rpm. 








Figure 11.- The variation of longitudinal characteristics with tip-speed 
ratio; a = 0°, P v =0°, 6 f = ^0°, tail on, i t = 0°, lift-cruise nozzles 
off , 3600 rpm . 
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(a) C-^ versus tip-speed ratio. 

Figure 12.- The variation of longitudinal characteristics with tip-speed 
ratio; a = 0°, 5^ = k-0° , tail off, six fans forward, lift-cruise nozzles 
off , 3600 rpm . 
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(b) Cp, C m versus tip-speed ratio. 
Figure 12.- Concluded. 
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(a) versus tip-speed ratio. 

Figure 13 •- Hie variation of longitudinal characteristics with tip-speed 
ratio; a = 0°, = 4o°, tail off, six fans forward, lift-cruise nozzles 

off , 3600 rpm . 




(b) C D , C m vers 
Figure 13 
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(a) versus tip-speed ratio. 

Figure l4.- The variation of longitudinal characteristics with tip-speed 
ratio; a = 0°, = 0°, tail on , i^ = 0°, six fans forward, lift-cruise 

nozzles off, 3600 rpm. 
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! y C m versus tip-speed ratio 
Figure l4.- Concluded. 









H- 


(b) Logarithm scale. 
Figure l6.- Concluded. 
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(a) C-^ versus tip-speed rat 

•e 18.- The variation of longitudinal charac 
.tio; a = 0°, 8^ = ^0°, tail on, i^ = 0°, si 
'Zzles off, 3^00 rpm. 


(b) Cj), C m versus tip-speed, ratio 
Figure l8.- Concluded. 
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(a) Cl versus tip-speed ratio. 

Figure 20.- The variation of longitudinal characteristics with tip-speed 
ratio; a = 0°, Sp = *K) 0 , tail off, four fans aft (inboard and outboard) 
lift-cruise nozzles off, 3600 rpm. 
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(t>) Cp , C m versus tip-speed ratio 
Figure 20.- Concluded. 
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(a) & f = 0° 

Figure 21.- The variation of longitudinal characteristics with tip-speed 
ratio ; a = 0°, tail off, two fans aft (inboard), lift-cruise nozzles off 
3500 rpm. 



(b) Bf = 4o° 

Figure 21.- Concluded 




;ure 22 . - The variation o 
ratio; a = 0° , df = 4o° , 
lift-cruise thrust = 100 





Lre 23 .- The 
hrust coeff: 
>n , 2950 rpm 
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(b) Tail on, i^_ = 0°. 
Figure 23-- Concluded. 
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Figure 2k. - The variation in average downwash at the horizontal tail with 
tip-speed ratio; cc, = 0°, Sf = 40°, p v =0°, six fans operating, 

3600 rpm. 
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40°;, six fans aft 




Figure 27 .- Horizontal tail effectiveness; 8f = 40°, six fans aft, 

lift-cruise nozzles on. 















Figure 30.- Concluded 










Figure 32.- Longitudinal characteristics with 

lift-cruise i 
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Figure 36.- Lateral-directional characteristics with power off; (3 Y = 
S.p = 40°, tail on, i-^ = 0°, fan inlets sealed, lift-cruise nozzles 




(a) a = 0°; forces and moments versus sideslip. 

Figure 37 .- Lateral -directional characteristics with six fans aft; Sf = ^0° 
tail on, i+ =0°, lift-cruise nozzles off. 
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(a) Forces and moments versus sideslip. 

Figure 38.- Lateral-directional characteristics with six fans aft 
Sf = 40 °, tail on, it = 0 °, lift-cruise nozzles on. 
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Figure 39.- Lateral-directional characteristics with six fans aft; &f = 40° 
tail on, i+ = 0°, lift-cruise nozzles on. 
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"The aeronautical and space activities of the United States shall he 
conducted so as to contribute ... to the expansion of human knowl- 
edge of phenomena in the atmosphere and space. The Administration 
shall provide for the widest practicable and appropriate dissemination 
of information concerning its activities and the results thereof .” 

— National Aeronautics and Space Act of 1958 
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